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Tonic Inhibition of TRPV3 by Mg2þ in Mouse
Epidermal Keratinocytes
Jialie Luo1, Randi Stewart1, Rebecca Berdeaux1 and Hongzhen Hu1
The transient receptor potential vanilloid 3 channel (TRPV3) is abundantly expressed in epidermal keratinocytes
and has important roles in sensory biology and skin health. Mg2þ deficiency causes skin disorders under
certain pathological conditions such as type 2 diabetes mellitus. In this study, we investigated the effect of
Mg2þ on TRPV3 in primary epidermal keratinocytes. Extracellular Mg2þ ([Mg2þ ]o) inhibited TRPV3-mediated
membrane current and calcium influx. TRPV3 activation induced a calcium signaling pathway culminating in
activation of the cAMP response element binding. TRPV3 inhibition by [Mg2þ ]o, the TRPV3 blocker ruthenium
red, or TRPV3 siRNA suppressed this response. In TRPV3-expressing Chinese hamster ovary cells, both
extracellular and intracellular Mg2þ inhibited TRPV3 single-channel conductance, but not open probability.
Neutralization of an aspartic acid residue (D641) in the extracellular pore loop or two acidic residues (E679, E682)
in the inner pore region significantly attenuated the inhibitory effect of extracellular or intracellular Mg2þ on
TRPV3-mediated signaling, respectively. Our findings suggest that epidermal TRPV3 is tonically inhibited by
both extracellular and intracellular Mg2þ , which act on both sides of the channel pore loop. Mg2þ deficiency
may promote the function of TRPV3 and contribute to the pathogenesis of skin diseases.
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INTRODUCTION
The transient receptor potential vanilloid 3 channel (TRPV3),
a ‘‘thermoTRP’’, belongs to a large family of Ca2þ -permeable
nonselective cation channels with six transmembrane (TM)
domains and a putative pore loop between TM5 and TM6
(Clapham, 2007). Like other TRP channels, TRPV3 is a
polymodal cellular sensor that integrates several modalities
including warm temperature, synthetic small molecules such
as 2-aminoethoxydiphenyl borate, and natural compounds
from plant such as camphor, carvacrol, and eugenol (Chung
et al., 2004a; Hu et al., 2004, 2009; Moqrich et al., 2005;
Vriens et al., 2009). The widespread expression of TRPV3 in
neuronal and non-neuronal tissues suggests that TRPV3 may
have important roles in many cellular and physiological
functions (Peier et al., 2002; Smith et al., 2002; Xu et al.,
2002; Yamada et al., 2010). In fact, activation of TRPV3 in
arterial endothelial cells by the dietary agonist carvacrol
elicits vasodilation of cerebral arteries in rats (Earley et al.,
2010). In mammals, TRPV3 is expressed in dorsal root and
trigeminal ganglia, spinal cord, and brain (Smith et al., 2002;
Xu et al., 2002; Facer et al., 2007; Kauer and Gibson, 2009),
where it has been shown to have an important role in pain
sensation and mediate psychoactive properties of incensole
acetate (Huang et al., 2008; Moussaieff et al., 2008; Bang
et al., 2010).
Recently, TRPV3 has come to the fore as a key regulator of
physiological responses of skin. TRPV3 is required for normal
skin development and function, as TRPV3-deficient mice
have defects in hair morphogenesis and skin barrier function
(Cheng et al., 2010). Paradoxically, a recent report revealed
that active TRPV3 expressed in human outer root sheath
keratinocytes inhibits hair growth (Borbiro et al., 2011).
Therefore, maintaining an appropriate balance of TRPV3
activity is essential for normal function of epidermal
keratinocytes. Indeed, naturally occurring gain-of-function
point mutations in TRPV3 (Gly573 to Ser or Cys) have been
linked to autosomal-dominant hairless phenotypes and
spontaneous dermatitis in DS-Nh mice likely due to their
constitutive activities (Asakawa et al., 2006; Imura et al.,
2007; Xiao et al., 2008b; Yoshioka et al., 2009). Interestingly,
these DS-Nh mice also develop severe scratching behavior,
suggesting that epidermal TRPV3 may have a causative role
in inflammation and pruritus (Steinhoff and Biro, 2009;
Yoshioka et al., 2009), although much remains elusive regar-
ding the molecular mechanism underlying these effects.
Mg2þ is the second most common divalent cation in the
body, and the most abundant intracellular divalent cation.
Intracellular Mg2þ ([Mg2þ ]i) has a pivotal role in structural,
catalytic, and regulatory cellular functions. It serves as a
cofactor of over 300 enzymes and regulates activity of many
ion channels (Johnson and Ascher, 1990; Bichet et al., 2003;
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Voets et al., 2003; Ahern et al., 2005; Lee et al., 2005;
Obukhov and Nowycky, 2005). Free [Mg2þ ]i undergoes
dynamic changes due to the chelating effect of ATP and
increases in ischemic neurons (Chinopoulos et al., 2007;
Henrich and Buckler, 2008, 2009). Mg2þ deficiency, also
known as hypomagnesemia, accompanies human pathologi-
cal states including type 2 diabetes mellitus (Resnick et al.,
1993; Tosiello, 1996; Sales and Pedrosa Lde, 2006). Mg2þ
deficiency induces apoptosis in isolated hepatocytes (Martin
et al., 2003) and increases incidence of stroke, hypertension,
eclampsia, and atherosclerosis (Saris et al., 2000). Interest-
ingly, magnesium deficiency has been widely used in rodents
to experimentally model atopic dermatitis associated with a
robust scratching behavior (Neckermann et al., 2000; Biro
et al., 2005; Akamatsu et al., 2006). However, the mecha-
nisms underlying the hypomagnesemia-mediated skin dis-
orders are poorly understood.
Given the association of both TRPV3 and Mg2þ dysregu-
lation with skin disorders, we hypothesized that TRPV3 may
mediate some of the effects of magnesium deficiency in skin.
In this study, we show that TRPV3 function is inhibited by
both [Mg2þ ]i and extracellular Mg
2þ ([Mg2þ ]o), which
interacts with acidic residues on both sides of the channel
pore loop region. The voltage-dependent inhibition contri-
butes to the characteristic inward and outward rectification
of TRPV3 current. The inhibitory effect of Mg2þ was also
translated into inhibition of TRPV3-mediated cell signaling in
primary mouse epidermal keratinocytes, a well-established
cell model to study the function of endogenous TRPV3
(Chung et al., 2004b), as evidenced by attenuation of TRPV3-
mediated increase of cAMP response element binding (CREB)
activity.
RESULTS
[Mg2þ ]o suppresses TRPV3-mediated whole-cell currents in
mouse keratinocytes
Whole-cell patch-clamp recordings were performed to
directly measure TRPV3-mediated current in mouse kerati-
nocytes. To activate TRPV3 we used a TRPV3 agonist
cocktail, a combination of 100 mM 2-aminoethoxydiphenyl
borate and 250mM carvacrol, as previously described (Cheng
et al., 2010). As expected, the TRPV3 agonist cocktail
activated a nonselective cation current associated with both
inward and outward rectification during a voltage ramp from
100mV to þ100mV, characteristic of TRPV3 current in
heterologous expression systems (Chung et al., 2004a; Hu
et al., 2004, 2006; Cheng et al., 2010). No current was
observed in keratinocytes from TRPV3-deficient mice, con-
firming the specificity of the agonist cocktail of TRPV3 in
keratinocytes (Supplementary Figure S1 online). Increasing
[Mg2þ ]o to 10mM decreased TRPV3-mediated whole-cell
current. By contrast, reducing [Mg2þ ]o to 0mM enhanced the
current (Figure 1a). The effect of [Mg2þ ]o on inward current
was more pronounced than the outward current. The
rectification ratio (Iþ 100mV/I100mV) was increased from
0.78±0.03 to 1.39±0.11 by 10mM [Mg2þ ]o with 2mM
Mg2þ in the pipette solution (Po0.01, n¼ 9; Figure 1b
and c). On the other hand, an increase of Mg2þ concentration
from 2 to 10mM in the pipette solution significantly
diminished TRPV3-mediated outward current, evidenced by
the reduced rectification ratio from 0.90±0.02 to 0.69±0.03
with 2mM Mg2þ in the extracellular solution (Po0.05, n¼ 9;
Figure 1c). These findings suggest that Mg2þ suppresses
TRPV3 function in primary epidermal keratinocytes in a
voltage-dependent manner on both sides of the cell
membrane.
[Mg2þ ]o decreases TRPV3 single-channel conductance
Suppression of TRPV3-mediated current by [Mg2þ ]o could
result from inhibition of TRPV3 single-channel conductance
and/or open probability. We therefore used single-channel
recordings on cultured mouse keratinocytes to elucidate the
mechanism underlying [Mg2þ ]o inhibition of TRPV3. Surpris-
ingly, no single-channel activities could be recorded with dif-
ferent configurations (cell attached, inside-out or outside-out)
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Figure 1. Inhibition of TRPV3-mediated current by [Mg2þ ]o in cultured
mouse keratinocytes. (a) Representative current traces in response to
voltage ramp from 100 to þ 100mV without (basal) and with the TRPV3
agonist cocktail in the absence (0mM) and presence of 2 and 10mM Mg2þ .
(b) Percentage of inhibition of TRPV3 agonist cocktail-activated current
by 10mM Mg2þ at holding potential of 100 and þ 100mV obtained from
the voltage ramp shown in a. Please note the different inhibitory effects at
100 and þ 100mV. (c) Rectification ratio [(I100/I100)] with different
concentrations of Mg2þ in the intracellular and extracellular solutions.
**Po0.01 compared with 2mM Mg2þ in the extracellular solution with
2 or 10mM Mg2þ in the intracellular solution. #Po0.05 compared with
2mM Mg2þ in the intracellular solution with 0, 2, or 10mM Mg2þ in the
extracellular solution. TRPV3, transient receptor potential vanilloid 3
channel.
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upon stimulation with the TRPV3 agonist cocktail that evoked
TRPV3-dependent whole-cell currents (not shown). We then
went on to use Chinese hamster ovary (CHO) cells expressing
recombinant TRPV3 to evaluate the impact of Mg2þ on
TRPV3 single-channel properties based on the facts that it is
feasible to record TRPV3 single-channel activities in hetero-
logous expression systems (Xu et al., 2002; Chung et al.,
2004a; Hu et al., 2006), and the voltage-dependent Mg2þ
inhibition of recombinant TRPV3 expressed in CHO cells
recapitulates that of native TRPV3 in mouse keratinocytes
(Supplementary Figure S2 online).
We first used outside-out single-channel recordings on
CHO cells expressing TRPV3. To avoid TRPV3-mediated
large macroscopic currents in outside-out membrane
patches, we used a relatively low concentration of 2-APB
(10 mM) to activate single TRPV3 channels (Hu et al., 2006).
Increasing [Mg2þ ]o from 0 to 3mM in the extracellular side
did not affect 2-APB-evoked single-channel open probability
(NPo; 0.21±0.11 and 0.19±0.12 in the presence and absence
of 3mM Mg2þ , P40.05, n¼5). However, single-channel
conductance was decreased by 3mM [Mg2þ ]o from 157.82±
11.25 to 57.64±9.62 pS at negative membrane potentials
(Po0.05, n¼6). By contrast, [Mg2þ ]o did not significantly
affect TRPV3 single-channel conductance at positive mem-
brane potentials (90.35±13.32 and 74.38±11.79 in the
absence and presence of 3mM [Mg2þ ]o, P40.05, n¼ 6;
Figure 2). Therefore, [Mg2þ ]o suppresses TRPV3-mediated current
preferably at negative holding potentials (Figure 2).
[Mg2þ ]i modulates TRPV3 single-channel activity
[Mg2þ ]i fluctuates with metabolic states, especially during
hypoxia when intracellular ATP concentration decreases
(Wilson and Chin, 1991). We therefore investigated the
effect of [Mg2þ ]i on TRPV3 activity. Increasing [Mg
2þ ]i from
2 to 10mM in the recording pipette significantly attenuated
the TRPV3-mediated outward current in whole-cell patch-
clamp recording on mouse keratinocytes (Figure 1c). We
further probed the mechanism underlying the inhibitory
effect of [Mg2þ ]i on TRPV3 using inside-out single-channel
recordings. Increasing Mg2þ concentrations (0–3mM) on the
cytoplasmic side inhibited the outward unitary single-
channel current amplitude in a concentration-dependent
manner (Figure 3a). [Mg2þ ]i mainly decreased the single-
channel conductance of the outward current (165.34±9.52
and 66.38±7.84 pS in the absence and presence of 3mM
Mg2þ , Po0.05, n¼ 7), but barely affected the single-channel
conductance of the inward current (67.47±7.24 and
61.38±6.35 pS in the absence and presence of 3mM
Mg2þ , P40.05, n¼7; Figure 3b). The single-channel NPo
was not significantly affected by the change of [Mg2þ ]i
(0.25±0.13 and 0.23±0.12 in the presence and absence of
3mM Mg2þ , P40.05, n¼ 5). The mean open time was not
significantly affected by [Mg2þ ]i (1mM) either (not shown,
n¼5). The results indicate that both [Mg2þ ]o and [Mg2þ ]i
inhibit TRPV3 function by primarily decreasing TRPV3 single-
channel conductance.
Inhibition of TRPV3 by Mg2þ involves distinct acidic
amino acid residues on both sides of the channel pore loop
Previous studies have shown that the acidic residue D641 in
the extracellular pore loop contributes to inhibition of TRPV3
by extracellular Ca2þ (Chung et al., 2005; Xiao et al., 2008a).
We therefore hypothesized that D641 might be part of a
common interaction site for divalent cations including Mg2þ.
To test this possibility, we examined the effect of increasing
[Mg2þ ]o on a mutant TRPV3 (D641N), in which the
negatively charged aspartic acid was replaced by neutral
asparagine (N). The D641N mutation significantly decreased
the inhibitory effect of 3mM [Mg2þ ]o on the inward single-
channel current amplitude from 54.77±9.24 to 20.78±
8.93% (Po0.05, n¼5; Figure 4a). On the other hand, the
inhibitory effect of [Mg2þ ]i on outward single-channel current
amplitude was unaffected (60.37±8.35 vs. 61.41±9.27%
for wild type and D641N, respectively, P40.05, n¼ 6).
To examine if other negatively charged acidic residues in
the intracellular side close to the inner pore region con-
tribute to the inhibition of [Mg2þ ]i on outward current,
we further screened these residues by mutating each to
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Figure 2. Effect of [Mg2þ ]o on the IV relationship of TRPV3-mediated
single-channel current. (a) Representative single-channel current traces
activated by 10 mM 2-aminoethoxydiphenyl borate (2APB) at holding
potentials of þ60 and 60mV in the absence and presence of 3mM Mg2þ in
the extracellular solution in Chinese hamster ovary (CHO) cells expressing
mTRPV3. (b) IV relationships of the TRPV3 single-channel current activated
by 2APB in CHO cells expressing mTRPV3. Current amplitudes at different
holding potentials are normalized to that at 60mV in the presence of 3mM
Mg2þ in the extracellular solution (marked as asterisk). TRPV3, transient
receptor potential vanilloid 3 channel.
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glutamine (Gln or Q), which effectively neutralizes the
charge. Out of the six glutamate residues, only neutralization
of E682 significantly attenuated the inhibition of TRPV3 by
[Mg2þ ]i (38.23±1.39 vs. 60.13±1.21% in wild type,
Po0.05, n¼10) on outward current (Figure 4b). As E679
and E682 are the closest negatively charged residues to the
inner pore, we mutated both of them into glutamine to
examine if there exists a synergistic action between them.
Remarkably, the inhibitory effect of [Mg2þ ]i was dramatically
reduced on the TRPV3 (E679Q/E682Q) mutant to
14.2±3.65% (Po0.01 compared with that on wild type,
n¼8; Figure 4b). The results indicate that Mg2þ affects
TRPV3 activity by interacting with acidic residues on both
sides of TRPV3 channel pore loop.
[Mg2þ ]o inhibits TRPV3-mediated [Ca
2þ ]i increase in mouse
keratinocytes
TRPV3 activation evokes calcium influx, which is involved in
many cellular functions of keratinocytes (Peier et al., 2002;
Smith et al., 2002; Xu et al., 2002; Chung et al., 2004a, b;
Ansari et al., 2008; Savignac et al., 2011). To examine the
effect of [Mg2þ ]o on TRPV3-mediated calcium influx, we
used ratiometric calcium imaging. The TRPV3 agonist cock-
tail evoked a rapid increase of intracellular-free calcium
([Ca2þ ]i) in Fura-2-loaded primary keratinocytes (Figure 5a).
The agonist cocktail failed to increase [Ca2þ ]i when calcium-
free extracellular buffer was used (not shown). This calcium
response was also abolished in keratinocytes isolated from
TRPV3 knockout mice (Cheng et al. (2010) and Supplemen-
tary Figure S1 online), which confirms that the agonist
cocktail-evoked calcium influx is mediated exclusively by
TRPV3. Interestingly, repetitive application of the TRPV3
agonist cocktail gradually caused desensitization of the
[Ca2þ ]i response (Figure 5), similar to TRPV3-mediated
responses evoked by monoterpenoids in a human keratino-
cyte-derived cell line (HaCaT cells; Sherkheli et al., 2009).
When 2 or 10mM Mg2þ was added to the extracellular
buffer, the calcium responses activated by the second and
third applications of TRPV3 agonist cocktail were further
suppressed by 24.89±3.56 and 40.17±4.25% (Po0.05,
n¼6), respectively (Figure 5b). The results indicate that
[Mg2þ ]o tonically inhibits TRPV3 in epidermal keratinocytes
contributing to intracellular Ca2þ homeostasis.
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Figure 3. Effect of [Mg2þ ]i on the IV relationship of TRPV3-mediated
single-channel current. (a) Representative single-channel current traces
activated by 10 mM 2-aminoethoxydiphenyl borate (2APB) at holding
potentials of þ 60 and 60mV in the absence and presence of 1 and 3mM
Mg2þ in the intracellular solution in Chinese hamster ovary (CHO) cells
expressing mTRPV3. (b) IV relationships of the TRPV3 single-channel
current activated by 2APB in CHO cells expressing mTRPV3. Current
amplitudes at different holding potentials are normalized to those at 60mV
in the presence of 3mM Mg2þ in the intracellular solution (asterisk).
TRPV3, transient receptor potential vanilloid 3 channel.
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Figure 4. Amino acids required for Mg2þ inhibition of TRPV3. (a) Bar graph illustrating the inhibitory effect of 3mM [Mg2þ ]o on TRPV3-mediated single-
channel current amplitude with D641N mutation at holding potentials of þ 60 and 60mV. (bi) Bar graph illustrating the inhibitory effects of 3mM [Mg2þ ]i on
wild-type (wt) and TRPV3 mutants with neutralizing mutations of acidic residues on the intracellular side near the channel pore. (bii) Graph illustrating
the concentration-dependent inhibition of [Mg2þ ]i on the wild-type and TRPV3 mutants at concentrations ranging from 0 to 3mM, *Po0.05, **Po0.01. TRPV3,
transient receptor potential vanilloid 3 channel.
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[Mg2þ ]o attenuates TRPV3-mediated CREB signaling in mouse
keratinocytes
Calcium/CREB signaling is critical for epidermal keratinocyte
proliferation (Ansari et al., 2008; Rozenberg et al., 2009) and
inflammatory pain mediated by TRPV1 in neurons (Nakanishi
et al., 2010). To investigate whether TRPV3 activation is
involved in the regulation of CREB activity, we prepared
primary epidermal keratinocytes from transgenic mice that
contain a genetically encoded CREB-dependent luciferase
(CRE-luc) reporter gene (Song et al., 2010). We found that the
TRPV3 agonist cocktail produced a 2.5-fold increase of
CREB-dependent luciferase activity in the primary keratino-
cytes (Figure 6a). The effect of TRPV3 agonist cocktail was
nearly completely abolished by a TRPV blocker ruthenium
red or transfection of TRPV3-specific siRNA (Figure 6a).
Scrambled siRNA control had no effect (Figure 6a).
Moreover, increasing [Mg2þ ]o suppressed TRPV3-induced
CREB luciferase activity in a concentration-dependent
manner (Figure 6b). These data present evidence that
activation of TRPV3 enhances CREB activity in mouse
keratinocytes and [Mg2þ ]o inhibits the TRPV3-mediated
cell signaling.
DISCUSSION
Hypomagnesemia and intracellular Mg2þ deficiency are
found in many pathological conditions associated with skin
lesions and hypersensitivity, such as type 2 diabetes mellitus
and neuropathic pain (Resnick et al., 1993; Xiao and Bennett,
1994; Tosiello, 1996; Sales and Pedrosa Lde, 2006). Hairless
rats receiving Mg2þ -deficient diet develop a long-lasting
inflammatory dermatosis of unknown mechanism (Saurat
et al., 1983; Ponvert et al., 1984). Interestingly, a gain-of-
function TRPV3 mutation also causes ‘‘no hair’’ phenotype,
dermatitis, and pruritus in rodents (Asakawa et al., 2006;
Imura et al., 2007; Xiao et al., 2008b; Yoshioka et al., 2009).
As TRP channels are known to be regulated by pathophysio-
logical concentrations of cations (Voets et al., 2003; Ahern
et al., 2005; Lee et al., 2005; Obukhov and Nowycky, 2005),
TRPV3 may mediate some of the Mg2þ deficiency–induced
skin inflammation. This is also supported by the finding that
TRPV3 function is directly enhanced by many inflammatory
mediators (Hu et al., 2006).
Our findings show that increasing [Mg2þ ]o suppresses
TRPV3-mediated intracellular calcium response, membrane
current, and CREB activity in primary epidermal keratino-
cytes. Therefore, our data support a model in which TRPV3
function is activated under conditions of Mg2þ deficiency.
Hyperactivated TRPV3 may, in turn, promote release of ATP,
prostaglandins, nitric oxide, and nerve growth factor from
epidermal keratinocytes, which are known to sensitize
nociceptors and initiate neurogenic inflammation and pain
(Huang et al., 2008; Mandadi et al., 2009; Miyamoto et al.,
2011).
At the single-channel level, extracellular Mg2þ inhibits
TRPV3 mainly by reducing the single-channel conductance
without significantly affecting the open probability. More-
over, we have identified an aspartic acid residue D641,
neutralization of which significantly attenuated the inhibitory
effect of [Mg2þ ]o on TRPV3, suggesting that this aspartic acid
is required for [Mg2þ ]o action on TRPV3. By contrast,
[Mg2þ ]o sensitizes and gates TRPV1 in the primary afferent
neurons and initiates pain (Ahern et al., 2005). Although the
mechanism underlying the difference between TRPV1 and
TRPV3 remains unknown, it seems that the effects of [Mg2þ ]o
on both channels are mediated by the negatively charged
acidic residues in the extracellular pore loop (D641 for
TRPV3 and E600/E648 for TRPV1). Interestingly, D641 is also
involved in the interaction between extracellular Ca2þ and
TRPV3 (Xiao et al., 2008a), and neutralization of this amino
acid in TRPV3 severely attenuates the blocking effect of
ruthenium red and extracellular calcium, similar to TRPV1 at
the equivalent position D646 (Garcia-Martinez et al., 2000
and data not shown). As ruthenium red is also an organic
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Figure 5. Inhibition of TRPV3-mediated [Ca2þ ]i increase by [Mg
2þ ]o
in cultured mouse keratinocytes. (a) Averaged response of 200 cells in
time-lapse images from a representative coverslip illustrating the inhibitory
effect of 10mM Mg2þ on TRPV3 agonist cocktail-induced increase of
[Ca2þ ]i. Horizontal bars indicate the time course of chemical applications.
(b) Red bars are summarized data illustrating the responses to four
consecutive applications of TRPV3 agonist cocktail in the absence (first
and fourth response) and presence of 2mM (second response) and 10mM
(third response) Mg2þ . All responses are normalized to the first response.
Black bars serve as non-treatment control showing the four consecutive
responses without Mg2þ application in the control group, *Po0.05,
**Po0.01. 2APB, 2-aminoethoxydiphenyl borate; TRPV3, transient receptor
potential vanilloid 3 channel.
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cation, this conserved acidic residue might be part of an
extracellular cation sensor for both TRPV3 and TRPV1.
In addition to fluctuations of [Mg2þ ]o under some
pathological conditions, [Mg2þ ]i also undergoes dynamic
changes following changes of cellular metabolic state. Our
results show that [Mg2þ ]i inhibited outward single-channel
conductance more potently than the inward single-channel
current without affecting the NPo. This result is consistent
with whole-cell recording data showing that Mg2þ inhibited
TRPV3 in a voltage-dependent manner, suggesting that Mg2þ
likely interacts with TRPV3 in an area experiencing the TM
electric field.
Using site-directed mutagenesis we screened negatively
charged acidic residues located in the inner pore loop and
identified two glutamate residues between the sixth TM
domain and the TRP box, E679 and E682. Neutralization
of these two residues nearly abolished the inhibitory effect
of [Mg2þ ]i. Interestingly, an increase of Mg
2þ concentration
in the intracellular and extracellular sides selectively
depressed the outward and inward currents, respectively.
Moreover, change of the ratio of intracellular and extra-
cellular Mg2þ altered the rectification ratio of TRPV3 current,
suggesting that Mg2þ -induced voltage-dependent inhibition
contributes to the characteristic rectification of TRPV3
current (Chung et al., 2005).
In summary, our study has revealed the molecular
mechanism underlying the modulation of TRPV3 by both
extracellular and intracellular Mg2þ in mouse epidermal
keratinocytes. The data favor a pore-blocking model, in
which Mg2þ interacts with negatively charged acidic
residues on both sides of the channel pore loop. Enhanced
TRPV3 function in hypomagnesemia resulting from the
disinhibition by Mg2þ may be involved in the pathogenesis
of magnesium deficiency–induced atopic dermatitis and
pruritus, in which intracellular calcium signaling and
CREB-dependent transcription are activated (Supplementary
Figure S3 online).
MATERIALS AND METHODS
Mouse epidermal keratinocyte culture
Primary epidermal keratinocytes were prepared as described
previously with minor modifications (Chung et al., 2004b; Miyamoto
et al., 2011) with approval by The University of Texas Health
Science Center at Houston Animal Welfare Committee. In brief,
newborn mouse pups (P0–P2) were killed and soaked in 10%
povidone-iodine, 70% ethanol, and phosphate-buffered saline for
5min, respectively. The back skin was removed and placed in a Petri
dish containing 2.5% dispase II (Life Technologies, Grand Island,
NY) and incubated at 4 1C overnight. Epidermis was then separated
from subcutaneous tissues. Keratinocytes were dissected by gentle
scraping and flushing with CnT-07 medium (CELLnTEC Advanced
Cell Systems, Bern, Switzerland). Harvested cells were plated on
coverslips coated with collagen IV in serum-free, fully supplemented
keratinocyte medium CnT-07. The culture medium was replaced
every 2 days and cells were used 48hours later.
Luciferase activity measurement
Epidermal keratinocytes were cultured as described above from
individual transgenic newborn pups, containing a genomically
encoded CREB-driven luciferase reporter transgene (CRE-Luc; Song
et al., 2010). Copy number was maintained as hemizygous by
intercrossing CRE-luciferase transgenic males with wild-type albino
C57Bl6/J-Tyrc females (The Jackson Laboratory, Bar Harbor, ME).
Newborn pups were genotyped by PCR within the luciferase gene
(forward: 50-GCTGGGCGTTAATCAGAGAG-30; reverse: 50-TTTTCC
GTCATCGTCTTTCC-30). Confluent cells (495%) were treated as
described in the figure legends for 4 hours and then lysed with
Reporter Lysis Buffer containing: 25mM gycyllglycine (GlyGly),
15mM MgSO4, 4mM EGTA, 1mM dithiothreitol, and 1% Triton
X-100. Lysates were mixed 1:1 with 2 luciferase assay buffer:
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Figure 6. Suppression of TRPV3-mediated increase of CREB transcriptional
activity by [Mg2þ ]o. (a) The CRE-Luc activity in control groups is set to 100%
for a and b, and treated groups are normalized to this value (mean±SEM from
15 animals). Summarized data showing TRPV3 agonist cocktail-induced CRE-
Luc activity in the absence or presence of ruthenium red (RR) in transgenic
mouse keratinocytes as well as transgenic mouse keratinocytes transfected
with TRPV3 siRNA and control siRNA. *Po0.05 compared with control;
#Po0.05. (b) TRPV3 agonist cocktail-induced CRE-Luc activity in the absence
or presence of different concentrations of [Mg2þ ]o in keratinocytes from
transgenic mice, *Po0.05. 2APB, 2-aminoethoxydiphenyl borate; CREB,
cAMP response element binding; CRE-luc, CREB-dependent luciferase;
TRPV3, transient receptor potential vanilloid 3 channel.
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25mM GlyGly, 15mM K2PO4, 2mM ATP, 2mM dithiothreitol and
assayed immediately after injection of D-luciferin (0.1mM in 25mM
GlyGly, 4mM EGTA) using a BioTek Synergy II plate reader (BioTek
Instruments, Winooski, VT). Luciferase relative light units were
normalized to total protein concentration determined using a BCA
protein assay kit (Thermo Scientific, Rockford, IL). Data are
expressed as fold change above baseline.
Ratiometric measurement of intracellular free calcium
Primary keratinocytes were loaded with 4mM Fura-2 AM (Life
Technologies) in culture medium at 37 1C for 60minutes. Cells were
then washed three times and incubated in Hank’s buffered salt
solution at room temperature for 30minutes before use. Fluores-
cence at 340 and 380 nm excitation wavelengths was recorded on
an inverted Nikon Ti-E microscope equipped with 340, 360, and
380nm excitation filter wheels using NIS-Elements imaging software
(Nikon Instruments, Melville, NY). Fura-2 ratios (F340/F380) reflects
changes in [Ca2þ ]i upon stimulation. Values were obtained from
100 to 250 cells in time-lapse images from each coverslip.
Molecular biology, CHO cell culture, and transfection
CHO cells were grown as a monolayer using passage numberso30
and maintained in DMEM (Life Technologies), supplemented with
10% fetal bovine serum (Life Technologies), 100 unitsml1 peni-
cillin, 100mgml1 streptomycin in a humidified incubator at 37 1C
with 5% CO2. The cells were transiently transfected with cDNA for
mouse TRPV3 (mTRPV3) in pIRES2-EGFP (Clontech Laboratories,
Mountain View, CA) using FuGENE 6 (Roche Applied Science,
Indianapolis, IN) with a ratio of 1.2:5. Following transfection, the
cells were maintained in DMEM at 37 1C for 24 hours before use.
All mutants of mTRPV3 were made using the QuikChange XL
mutagenesis kit (Agilent Technologies, Santa Clara, CA) according to
the manufacturer’s directions. All mutations were confirmed by
DNA sequencing.
Patch-clamp recording
Whole-cell and single-channel patch-clamp recordings were per-
formed using an EPC 10 amplifier (HEKA Elektronik, Lambrecht,
Germany) at room temperature (22–24 1C) on the stage of an inverted
phase-contrast microscope equipped with an appropriate filter set for
green fluorescence protein visualization. Pipettes pulled from
borosilicate glass (BF 150-86-10; Sutter Instrument Company,
Novato, CA) with a Sutter P-97 pipette puller had resistances of
2–4 and 8–10MO for whole-cell and single-channel recordings,
respectively, when filled with pipette solution containing 140mM
CsCl, 2mM EGTA, and 10mM HEPES with pH 7.3 and 315mOsm l1
in osmolarity. The extracellular solution for whole-cell recording
contains 140mM NaCl, 5mM KCl, 2mM CaCl2, 10mM glucose,
and 10mM HEPES (the pH was adjusted to 7.4 with NaOH, and
the osmolarity was adjusted to o340mOsm l1 with sucrose).
A symmetrical solution with the same components as that in the
pipette solution was used in single-channel recordings. Various
concentrations of MgCl2 were included in the intracellular or
extracellular solutions, as stated in the figure legends. The whole-cell
membrane currents were recorded using voltage ramp from 100 to
þ 100mV during 500ms at holding potential of 0mV. Data were
acquired using Patchmaster software (HEKA Elektronik). Currents
were filtered at 2 kHz and digitized at 10 kHz. Data were analyzed
and plotted using Clampfit 10 (Molecular Devices, Sunnyvale,
CA). Single-channel events were identified on the basis of the
half-amplitude threshold-crossing criteria. P(open) was determined
from idealized traces as the ratio of the sum of all open durations
to the total trace duration. Values are given as the means±SEM;
n represents the number of measurements.
Data analysis
All data are the means±SEM for n independent observations, and
statistical analyses were performed using Student’s t-test. Po0.05 is
considered statistically significant.
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